Abstract. In this work, total dose effects on 4H-SiC bipolar junction transistors (BJT) are investigated. Three 4H-SiC NPN BJT chips are irradiated with 3MeV protons with a dose of 1×10 11 , 1×10 12 and 1×10 13 cm -2 , respectively. From the measured reciprocal current gain it is observed that 4H-SiC NPN BJT exposed to protons suffer both displacement damage and ionization, whereas, a traditional Si BJT suffers mainly from displacement damage. Furthermore, bulk damage introduction rates for SiC BJT were extracted to be 3.3×10 -15 cm 2 , which is an order of magnitude lower compared to reported Si values. Finally, from detailed analysis of the base current at low injection levels, it is possible to distinguish when surface recombination leakage is dominant over bulk recombination.
Introduction
Numerous studies have been done to reveal the influence of electron, gamma, and proton radiation on various types of Si devices, such as metal insulator semiconductor field effect transistors (MISFET), diodes and bipolar junction transistor (BJT) [1] [2] [3] . Generally, BJT are considered to be radiation hard, but among the different radiation types they are particularly sensitive to proton irradiation. Extensive research has been done to understand and analytically model the proton radiation induced degradation mechanism in Si BJTs [2, 4, 5] . Silicon carbide (SiC) electronics has shown superior operational capabilities over Si devices under extreme environments [6] [7] [8] . However, there exist few mechanistic studies of the behavior of SiC BJTs under proton irradiation. This paper investigates the contribution of proton irradiation on the forward current gain degradation of SiC BJTs. The importance of bulk lifetime (τ b ) and concentration of interface traps (D it ) on the excess base current is evaluated by using numerical analysis and physical device simulations.
Experiment
The devices are fabricated on a 6-layer epitaxial structure (n ++ /n + /p/n -/n ++ /p) grown on an 8˚ offaxis 2-inch 4H-SiC wafer [5] . Three NPN BJT chips are irradiated at room temperature with 3 MeV protons using a dose of 1×10 11 , 1×10 12 and 1×10 13 cm -2 , respectively. The beam current during the irradiation is in the range of 1.0 nA and, using SRIM [9] , the mean projected range for these particles is found to be ~60 µm, deep in the n ++ -substrate. Even if the main ionization and displacement damage occurs around the mean projected range, the protons will create a welldefined amount of ionization and displacements in the active device region, which is less than 2 µm from the surface. The beam is scanned across the surface of the devices to achieve a homogeneous coverage. Static DC measurements are performed on the NPN BJT before and after the radiation [10] . Sentarus TCAD [11] simulation of the prototype device [10] is utilized to relate the excess base current recombination, generated by the irradiation, to physical mechanisms i.e. interface traps and bulk lifetime. The Interface traps are assumed to be fixed at a single energy level of 1 eV above the valence band with an electron and hole capture cross section of 1×10 15 cm 2 . The physical models used in the device simulations are thoroughly described in Ref [12] .
Results and discussions
Typically, degradation due to proton radiation is characterized by both displacement damage and ionization effects. The former induces point defects in the semiconductor lattice, thereby causing a decrease in the charge carrier lifetime in the bulk of the base region, while the latter increases interface states and oxide charges, enhancing the recombination along the base-emitter passivation mesa. These effects are known to degrade the forward current gain (β) by increasing the collector and base currents. Figure 1 shows the collector current (I C ) as a function of the base voltage (V BE ), with the collector voltage (V CE ) fixed at 6 V, for different proton dose. It can be observed that the collector current remains constant for the dose of 1×10 11 cm -2 , compared to the reference device, while for the dose of 1×10 12 cm -2 there is a small increase in I C in the low base voltage region (2 < V BE < 2.5 V). For the dose of 1×10 13 cm -2 , I C is heavily degraded in comparison to the reference device. This degradation can be attributed to a decrease in the bulk lifetime due to displacement damage. One of the figures of merit to characterize the BJT under radiation is the reciprocal gain (1/β) [1] .Typically, if the device degradation is dominated by bulk damage, the reciprocal gain degrades linearly with dose, whereas for the devices that have suffered both bulk and surface damage it varies non-linearly with dose and it can be modelled using the empirical expression shown in Eq. (1).Here, K b and K s are bulk and surface damage introduction coefficients, or cross section, respectively, Ψ is the proton fluence and e is an exponent less than 1 [1] . Figure 2 shows the change in reciprocal gain for different doses relative to the un-irradiated reference, ∆(1/β), as the function of proton dose at Ic=20 mA. It can be noticed that ∆(1/β) varies non-linearly with the dose. The solid red line in Fig. 2 shows the numerical fitting using (1) with K b = 3.3×10 -15 cm 2 , K s = 6.1×10 -8 cm 2 and e=0.38478. For comparison, it can be mentioned that Si-BJT exposed to 3.7 MeV protons shows a bulk damage constant (K b ) 1.5×10 -14 cm 2 , almost an order of magnitude higher as compared to 4H-SiC reported in this study [13] . Figure 3 shows the excess base current, defined as the difference in the post-and pre-irradiated base current (∆I B = I BPost -I BPre ), as a function of the base voltage (V BE ) for different proton irradiation dose. The ∆I B increases as a function of irradiation fluence and this increase can be expressed by Eq. 2 [14] . In Figure 3 , for the doses of 1×10 11 and 1×10 12 cm -2 two distinct slopes can be observed for higher and lower base voltage, or injection level, indicated by R 1 and R 2, respectively. For the highest dose there exists only one slope. The extracted values of the ideality factor, n, and C by using Eq. 2 for different doses are shown in Table 1 .
∆IB=C(Ψ) exp(qV BE /nk B T)
C is an effective damage introduction coefficient related to the base current, Ψ is the fluence, V BE is the base voltage and k B T/q is the Boltzmann factor. The change in n can be related to different recombination related effects. For instance, in SiBJTs irradiated with 60 Co gamma, the change in n was correlated to recombination dominated by surface and oxide charges [2] . In order to analyze the different recombination mechanism, TCAD simulations are utilized. Gummel curves are simulated by varying the bulk lifetime (τ b ), associated with defects due to displacement damage, and concentration of interface traps (D it ), due to ionization. Note that irradiating devices with protons also produces oxide charges in the passivation layer, but in this simulation oxide charges have been fixed to 3×10 11 cm -2 . By fitting the measured peak current gain for the unirradiated sample to the simulated value, a τ b of 100 ns and D it of 1.3×10 12 cm -2 eV -1 are extracted [10] . Simulated excess base currents are then calculated by taking the difference between the simulated base current generated by varying τ b and D it to the simulated base current of unirradiated reference device. Materials Science Forum Vol. 897 581 Figure 4 shows the simulated excess base current as a function of base voltage for various τ b and D its . In Fig. 4 the curves with the square symbol are simulated at a fixed τ b of 100 ns while varying the D it , whereas, the curves with stars is simulated by varying τ b while D it is fixed at 1.3×10 12 cm -2 eV -1 . Furthermore, numerical fitting using Eq. 2 is done to extract the values of n and C for all the simulated excess base currents shown by the solid black line in Fig. 4 . It can be seen that decreasing bulk lifetime for fixed D it gives an n <2 with a lower effective damage introduction coefficient (C), similar to that of the region R 1 in Fig. 3 . On the other hand, changing D it with a constant τ b gives an n>2 with higher C, similar to that of region R 2 in Fig. 3 . This suggests that the excess base current in the low base voltage regime is dominated by surface recombination, but at a certain voltage, or injection level, recombination is dominated by bulk lifetime for the low proton dose. This might be due to the filling of interface traps at high injection, thereby making the bulk recombination dominant. Note that the filling of the interface traps depends on the position of the trap in bandgap and the capture cross section. But for the highest dose of 1×10 13 cm -2 there exist only one slope regime with n>2, suggesting that the recombination is dominated by surface recombination.
Conclusion
The effect of proton irradiation on the 4H-SiC NPN BJT is investigated. The bulk damage coefficient extracted for 4H-SiC BJT was almost one order of magnitude lower compared previously reported for Si-BJT, indicating that SiC devices are more radiation hard than comparable Si BJT. By analyzing the excess base currents in the low injection level, it is suggested that the surface recombination is dominant in low base voltage regime, whereas bulk recombination is dominant in the high base voltage regime for the low proton dose.
